Sequencing studies have identified many recurrent coding mutations in human cancer genes; however, highly recurrent mutations involving regulatory regions have rarely been observed. Here we describe two independent mutations within the TERT core promoter that, when taken together, were observed in 71% (50 of 70) of melanomas and generate de novo consensus ETS binding motifs. Reporter assays showed that these mutations increase transcriptional activity from the TERT promoter by 2-4-fold. Examination of cancer cell lines derived from diverse tumor types revealed the same mutations in 16% (24 of 150) of cases, with preliminary evidence of elevated frequency in bladder and hepatocellular cancer cells. Thus, somatic mutations in regulatory regions of the genome may represent an important tumorigenic mechanism.
Systematic characterization of human cancer genomes has led to the discovery of a wide range of mutated genes that contribute to tumor development and progression. Most of the somatic mutations in tumors reside within the protein-coding regions of genes or at splice junctions. To determine whether tumor genomes harbor recurrent mutations outside of protein-coding regions, we systematically queried noncoding somatic mutations using published whole-genome sequencing data.
Analysis of whole-genome sequencing data from malignant melanomas (1, 2) revealed two somatic telomerase reverse transcriptase (TERT) gene promoter mutations in 17 of 19 (89%) cases examined. The average sequence coverage at the TERT promoter locus was 30-fold in Table S1 References (12-13) normal samples and 60-fold in tumor samples ( fig. S1A) . Each of these promoter mutations resulted in a cytidine-to-thymidine transition at a dipyrimidine motif indicative of ultraviolet (UV) light-induced damage (chr5, 1,295,228 C>T and 1,295,250 C>T; hereafter termed C228T and C250T, respectively), and both mutations localized within 100 base pairs (bp) of the TERT transcriptional start site (TSS) (mean allelic fraction, 0.32; range, 0.07 to 0.55) (table S1). We validated these mutations by means of polymerase chain reaction and Sanger sequencing tumor/normal sample pairs from both the discovery set (Fig. 1A and fig. S1 , B and C) and an extension set of 51 additional melanoma tumor/normal sample pairs. Within this extension set, 33 tumors (65%) harbored one of the mutations. Moreover, the mutations were mutually exclusive in both the discovery and extension sets (P = 5.4 × 10 −7 , Fisher's one-sided exact test). Two tumors with a C228T transition also contained an adjacent C>T transition (at position chr5, 1,295,229), which is indicative of a dinucleotide CC>TT transition. Together, these TERT promoter mutations were observed in 50 of 70 (71%; 95% confidence interval: 59 to 82%, Clopper-Pearson method) melanomas examined ( Fig. 1B and table S1).
Both C228T and C250T generated an identical 11-bp nucleotide stretch (5′-CCCCTTCCGGG-3′) containing a consensus binding site for E-twenty-six (ETS) transcription factors (GGAA, reverse complement) within the TERT promoter region. Because ETS transcription factors may become activated through dysregulation of mitogenactivated protein kinase (MAP kinase) signaling, we hypothesized that these promoter mutations might augment gene expression. To test this hypothesis, we used a reporter assay system in which the relevant portion of the mutant or wild-type TERT core promoter was cloned upstream of the firefly luciferase gene (2) . Here, we tested both a core promoter fragment (−132 to +5 relative to the TSS) and the full core promoter (−200 to +73). In comparison to the wild-type TERT promoter, both mutations conferred approximately twoto fourfold increased transcriptional activity in five distinct cell line contexts (Fig. 1C and  fig. S1D ). Thus, each mutation was capable of augmenting transcriptional activity from the TERT promoter.
To investigate whether similar TERT promoter mutations occur in other cancer types, we examined sequencing data from this locus in 150 cell lines from the Cancer Cell Line Encyclopedia (CCLE) (3). Overall, 24 CCLE lines (16%) contained either C228T or C250T (mean allelic fraction, 0.61; range, 0.17 to 1.00) (table S1 ). An increased frequency in melanoma was again noted (five of six lines tested), with additional evidence suggesting possible heightened prevalence (>25%; one-sided 95% confidence interval) in bladder (three of three lines) and hepatocellular cancer cell lines (four of six lines) (Fig. 1D ).
Several lines of evidence support the hypothesis that these promoter mutations may function as driver events that contribute to oncogenesis through TERT dysregulation and undergo positive selection, at least in human melanoma. First, the TERT promoter mutations showed a combined frequency that exceeded those of BRAF and NRAS mutations, which activate known melanoma driver oncogenes (4, 5) . In an analysis restricted to somatic mutations present at an allelic fraction of 0.2 or greater [to reduce artifacts of mutation calling (1)], the four most recurrent melanoma nucleotide substitutions included BRAF [chr7, 140,453,136 A>T (V600E)], NRAS [chr1, 115,256,529 T>C (Q61R)], and the TERT core promoter mutations C228T and C250T. Second, although highly recurrent, C228T and C250T occurred in a wholly mutually exclusive fashion. This suggests the possibility that the mutations might be functionally redundant. Third, the absence of other recurrent somatic mutations in the 3 kb upstream of the TERT transcription start site in the queried melanomas (1) coupled with the absence of the described TERT promoter mutations in 24 lung adenocarcinomas with comparably high somatic mutation rates (6) reduces the possibility that these recurrent TERT promoter mutations are solely due to an increased background mutation rate at this locus. Although the role of telomerase in tumorigenesis is well established, details regarding its dysregulation in cancer cells remain incompletely understood, particularly in melanoma (7) . The TERT promoter mutations identified here may link telomerase gene regulation and tumorigenic activation in this malignancy. The high prevalence of C228T and C250T suggests that these TERT promoter mutations may comprise early genetic events in the genesis of melanoma and other cancer types. Although TERT expression alone is not sufficient to bypass oncogene-induced senescence, genomic TERT activation may potentiate mechanisms by which melanocytes achieve immortalization in the setting of oncogenic mutations (8) . These results therefore suggest that renewed efforts to develop clinically effective telomerase inhibitors may be warranted.
At the same time, promoter mutations likely represent only one potential mechanism of TERT reactivation in a subset of human cancers. Indeed, recurrent chromosomal copy gains spanning the TERT locus have been described previously for several cancers, including melanoma (9, 10).
Highly recurrent somatic mutations within a cancer gene promoter region have not previously been described. Similarly, the de novo mutational generation of transcription factor binding motifs in tumor genomes was heretofore unknown, although an ETS transcription factor binding motif was previously associated with a single-nucleotide polymorphism insertion at the MMP-1 locus (11) . Together, these findings raise the possibility that recurrent somatic mutations involving regulatory regions, in addition to coding sequences, may represent important driver events in cancer.
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